Abstract-Current and projected nanoparticle cleaning requirements, especially in semiconductor and nano-manufacturing, necessitate a technique that is not only capable of removing sub-100 nm particles, but also is damage-free and able to perform localized (selective) area cleaning of a relatively small number of particles. A particle cleaning technique based on laser-induced plasma (LIP) shockwaves has been considered and investigated in recent years as a prospective approach. In the current study, the removal of polystyrene latex (PSL) nanoparticles in the diameter range of 10-40 nm from silicon substrates is demonstrated using shockwaves generated by the expansion of LIP for the first time. The effectiveness and practical uses of the LIP technique in the sub-100-nm range are also discussed.
INTRODUCTION
Nanoparticle removal from substrates during and after manufacturing processes has been a major concern in many industries, such as semiconductor and nanomanufacturing, photonics/optics and MEMS. As the minimum feature size decreases to nanometer scale, especially in semiconductor manufacturing, the minimum critical particle size that hinders the process of creating functional defect-free features on substrates shrinks. While many cleaning techniques have been modified and adopted for sub-100-nm nanoparticle removal, the requirements for selective cleaning of a small number of particles and damage-free precision particle detachment have been further emphasized in recent years.
For feature sizes below 100 nm, the required removal forces associated with the traditional cleaning processes often pose a serious substrate damage threat. According to the 2005 International Technology Roadmap for Semiconductors (ITRS), the projected requirements on the minimum diameter of spherical defects (in polystyrene latex sphere equivalent dimensions) are 38 nm by 2008, 35 nm by 2010 and 30 nm by 2013 and the defect size (I ) that can be tolerated on the EUV masks are as follows: I 36 nm for the year 2010, I 26 nm for 2013 and I 18 nm for the year 2016 [1] . Manufacturable solutions for removal of defects due to foreign particles from EUV masks, of size I < 46 nm, are classified as 'unknown' by the ITRS roadmap, while the sub-100-nm particle removal remains a challenge. Thus, a dry and non-contact technique is needed to attain this target without limiting the average particle size in the removal process. Various pulsed-laser-based particleremoval techniques have been proposed and reported [2 -5] .
Some widespread industrial techniques employed for substrates cleaning include brush scrubbing and megasonic cleaning. The applicability of these existing techniques for sub-100-nm particles removal has been the topic of various investigations. For the brush cleaning technique, to be effective, the brush should establish full contact with the nanoparticle [6] . Thus, for removing smaller particles, a substantially higher pressure and brush velocity are required as the drag force (which decreases by O(L 2 ), where L is a characteristic length scale) exerted by the fluid on the particle is the basis for particle removal [7] . The major problems reported are particle redeposition after cleaning as the process involves fluid drag force, and damage to the substrate with this cleaning technique [8] . The alternative industrial cleaning technique is the megasonic cleaning which employs ultrasonic waves above 1 MHz. The acoustic streaming induced pressure gradients acting on the particle are responsible for particle removal in this technique [9] . The forces acting on the particle decrease by O(L 3 ), and it is reported that these removal force-levels may not be effective for sub-100-nm particle removal, especially when strict low damage risk tolerances are specified [9] . The potential concerns of this technique include the gas cavitation generated by the acoustic waves due to increased radiation powers and the sophisticated drying method to avoid post-cleaning complications [10] . CO 2 cleaning, an emerging cleaning technique investigated for sub-100-nm particles, is based on the formation of high-velocity small dry-ice particles by the rapid expansion of liquid CO 2 with the aid of a nozzle. The substrates are cleaned by imparting the momentum of the formed ice particles. The momentum and the drag force of the CO 2 particles contribute to the particle detachment and transport [11] . Damage in high-aspect ratio structures and particle redeposition are the potential concerns for employing this technique for nanoparticle removal applications [12] .
In recent years, the issues of damage and selective cleaning requirements have been emerging, while various techniques have been able to address the minimum particle size requirement associated with the ever-decreasing particle size parallel to the ITRS. The main cause of increased damage risk in the sub-100-nm range is the structural weakening of substrates with decreasing feature sizes. In general, the damage risk and the probability of particle re-deposition are proportional to the area to be cleaned provided that other properties and conditions are kept unchanged. Thus, cleaning parts of a substrate where it is needed most could be an attractive proposition to minimize damage and re-deposition risks in a variety of applications. The laser-induced-plasma (LIP) technique, a dry and non-contact approach, is one of the few methods in which selective local area cleaning of relatively small numbers of particles is currently possible.
The LIP removal technique, originally proposed by Vaught in 1990 [13] , has been reported to be effective for particle removal from silicon substrates [14 -18] . In this process, a beam of a short pulsed laser is converged using a convex lens. This focusing results in elevation of local temperature and energy at the focal point, leading to the dielectric breakdown of air and formation of plasma (Fig. 1) . The expansion and saturation of plasma takes place in the first few microseconds of the breakdown and, then, the highly-compressed hot air surrounding the plasma separates and emerges as a traveling shockwave front [19] . This wavefront is used as the detachment force for nanoparticle removal. The removal of 60-nm PSL particles from silicon substrate has been reported in the past [16] .
The present work is an experimental study conducted to test the effectiveness of the LIP technique in removing particles below 30 nm. A series of experiments were designed and conducted for this investigation.
EXPERIMENTAL PROCEDURE FOR LIP NANOPARTICLE REMOVAL
The pulsed laser employed was a Q-switched Nd:YAG laser (Quantel, Brilliant Series) of a beam diameter 5 mm with a fundamental wavelength of 1064 nm, a pulse energy of 370 mJ, a pulse width of 5 ns and a pulse repetition rate of 10 Hz. A pair of CW lasers was used for spatial alignment of the test sample. A 100-mm convex lens coated with a 1064-nm-specific antireflective coating was used to converge the pulsed laser beam. An instrumentation diagram for the LIP removal set-up is depicted in Fig. 1 .
The substrate used was a 6 inch, n-type and [111] oriented silicon wafer with an approx. 1 µm thermal oxide layer. The particles used for deposition were polystyrene latex (PSL) micro-sphere suspensions (Duke Scientific) of mean diameter 30 nm in the range of 10-40 nm. The initial cleaning of the sample and deposition of the particles was done in a class-10 cleanroom. The images of the sample, pre-and post-LIP removal process, were taken using a scanning electron microscope (SEM). The sample was bonded to an aluminum stub using an adhesive tape and aligned using a micrometer translation stage. The firing distance, from the centre of the plasma to the surface of the substrate, was set as 1.4 mm. The sample preparation and shooting procedure steps were as follows. A dispersion was prepared by adding a drop of PSL microsphere suspension to 100 ml methanol, to obtain the required concentration of PSL particles and to prevent the agglomeration of the PSL particles. A wafer coupon of dimensions 1.5 cm × 1.5 cm was cut out of the 6-inch wafer for fitting into the SEM chamber. The wafer samples were washed with DI water and methyl alcohol to remove the initial contamination. A diamondshaped reference pattern was marked on the sample wafer coupon in order to locate the cleaning area during SEM imaging. To identify the reference marking after the LIP cleaning process and remove the contaminants due to marking, the wafer sample was shot with 5 consecutive laser pulses at a firing distance of 1.4 mm.
Agglomeration-free deposition of nanoparticles in the range of 10-30 nm is a non-trivial task. A megahertz range sonication technique was developed and used in this investigation. A drop of the prepared dispersion was deposited in the test area of the wafer sample, which was inscribed in the marked pattern. To prevent the agglomeration of the PSL particles while drying, the drop of dispersion was sonicated with a high frequency (20 MHz, Panametrics V316) immersible transducer. It was found that this agitation ensured good dispersion of the PSL nanoparticles in the test area of the wafer sample. The dispersion evaporated in due course of time, resulting in the adhesion/deposition of PSL particles on the sample in the test area. The pre-treatment and deposition techniques were carried out in a class-10 cleanroom. Nanoparticles were dispersed successfully as individual particles (Fig. 2) .
The wafer sample bonded to aluminum stud was placed on the translation stage and it was adjusted such that the formation of plasma took place above the test area. This precise positioning was achieved with the aid of an alignment system consisting of lasers as shown in Fig. 1 . The firing distance was adjusted to 1.4 mm from the centre of the plasma. The test area inscribed in the reference marking was approx. 2 mm 2 and a single pulse of the LIP could clean this area. To ensure good particle removal, around 12 pulses were shot. Once cleaning of the test area was ensured, the test area images were captured using an SEM. The pre-and post-LIP cleaning images of the test area obtained from SEM were analyzed for particle removal.
(a) (b) Figure 2 . SEM images of dispersed sub-100-nm PSL particles on a silicon substrate using the sonication technique (a) at 50 000× and (b) at 300 000× magnification.
EXPERIMENTAL RESULTS
The pre-and post-LIP cleaning SEM images of the test area of the sample at two different locations at 30 000× magnification are shown in Figs 3 and 4 . The dotted lines show the marking patterns. It can be seen from the pre-LIP particle removal images in Figs 3a, 4a and 4c that the 10-40-nm particles are deposited uniformly with minimal agglomeration using the sonication deposition technique. The size of the particles can be confirmed from the pre-LIP cleaning SEM images. The particles of 10-40-nm range are successfully removed using this laser induced plasma removal process as seen from post-LIP cleaning SEM pictures (Figs. 3b, 4b and 4d). Note that the markers indicating the deposition and cleaning zones have been subjected to alterations. It appears that part of the alternation is due to removal of debris created during markings. At this point, it is unclear if the marked areas are substantially damaged. Further investigation is needed to clarify this point.
CONCLUSIONS AND REMARKS
The removal of PSL nanoparticles in the range of 10-40 nm in diameter from silicon substrates is demonstrated using LIP shockwave removal technique. A dispersion was prepared by adding a drop of PSL microsphere suspension to 100 ml methanol, to obtain the required concentration of PSL particles. A drop of the prepared dispersion was deposited in the test area of the sample, which was inscribed in the marked pattern. To prevent the agglomeration of the PSL particles while drying, the drop of dispersion was sonicated using a high frequency transducer which resulted in dispersion of the sub-100-nm particles merely as individual particles on the sample. The particles from an area of 2 mm 2 were effectively removed with 12 laser pulses at a distance of 1.4 mm from the centre of plasma. The pre-and post-LIP cleaning SEM images were used for analyzing the particle removal from the wafer sample. The SEM images clearly revealed the removal of particles with diameter less than 30 nm from the substrate. In addition to removal of nanoparticles in this range, damage-free and selective cleaning of substrates are essential requirements in many applications and, thus, the LIP technique can be considered as a potential sub-100 nm selective particle removal technique.
